The widespread use of forest litter as animal bedding in central Europe for many centuries gave rise to the first litter manipulation studies, and their results demonstrated that litter and its decomposition are a vital part of ecosystem function. Litter plays two major roles in forest ecosystems: firstly, litterfall is an inherent part of nutrient and carbon cycling, and secondly, litter forms a protective layer on the soil surface that also regulates microclimatic conditions. By reviewing 152 years of litter manipulation experiments, I show that the effects of manipulating litter stem from changes in one, or both, of these two functions, and interactions between the variables influenced by the accumulation of litter can result in feedback mechanisms that may intensify treatment effects or mask responses, making the interpretation of results difficult.
I. INTRODUCTION
Litter plays an important role in forest ecosystems ; this is clear from many observational studies and also from litter manipulation experiments. Not only is it an essential part of nutrient cycling, but litter cover also acts as a protective layer by buffering changes in soil water content (Ginter, McLeod & Sherrod, 1979) and temperature (Ramann, 1883; MacKinney, 1929 ; Pearse, 1943 ; Judas, 1990; Poser, 1990; Ponge, Arpin & Vannier, 1993) and hindering erosion (Lowdermilk, 1930 ; Walsh & Voigt, 1977; Coelho Netto, 1987) , leaching (Němec, 1929 ; Lunt, 1951 ; Mo et al., 2003) and soil compaction (Benkobi, Trlica & Smith, 1993; Geddes & Dunkerley, 1999) . Litter provides habitats and substrate for earthworms (Gonzalez & Zou, 1999) , arthropods (Arpin, Ponge & Vannier, 1995) , fungi (Tyler, 1991) , and micro-organisms (Jordan, Ponder & Hubbard, 2003) . Plant diversity is influenced by litter depth (Grime, 1979) ; the heterogeneous nature of litter cover promotes species coexistence (Facelli & Pickett, 1991 b) by facilitating or suppressing seed germination and seedling emergence, and influencing seedling survival at a small scale in patches throughout the forest. The litter layer exercises direct and indirect influences on soil physical and chemical properties, nutrient availability, and the diversity of fungi and soil organisms. As litter affects so many different variables simultaneously, it is difficult to quantify the consequences of changes to litter inputs at the ecosystem level. Experimental removal and addition of litter is needed to provide a sound basis for assessing the importance of the litter layer. The quantity of litterfall varies greatly over a range of spatial and temporal scales and is determined mainly by climate, seasonality, topography, soil parent materials, and species distribution. Management practices can cause drastic changes in litter production by modifying species composition and productivity ; climate change may affect litterfall as changes in rainfall patterns and mean annual temperatures can affect tree phenology and tree species distribution (Condit, Hubbell & Foster, 1996) and increases in productivity and litterfall have been observed as a consequence of elevated atmospheric CO 2 levels (DeLucia et al., 1999 ; Allen et al., 2000 ; Finzi et al., 2001 ; Schlesinger & Lichter, 2001; Zak et al., 2003) . Experiments involving litter removal and litter addition treatments amplify these changes in litter quantity, thus invoking stronger effects over shorter time periods, which are more easily detectable than the effects of natural variation. The drawbacks to these litter manipulation studies include intensive labour (raking and moving the litter), few short-term results (e.g. tree growth and nutrient dynamics often take years to respond), and the fact that in manipulating the litter layer, many variables are affected simultaneously, making results difficult to interpret. Nevertheless, carefully planned experiments can provide important insights into the role of the litter layer in forest ecosystems, information which is required in order to make accurate predictions of changes to forest and soil dynamics in years to come.
I review the results of 152 years of litter manipulation experiments and observational studies in order to show how quantitative studies of litter have contributed to our understanding of forest ecosystems and to identify future research objectives. The majority of the reviewed studies, and all the long-term experiments, were conducted in temperate forests ; there exist only few observational and short-term studies in the taiga and tropical forests. There also exist more than twice as many studies on the effects of litter removal than of litter addition (see the Appendix for details of the reviewed studies). As experimental manipulations of litter in this review usually involve only a change in litter quantity, I shall discuss the effects of litter quality only where they are particularly relevant. The findings from experiments on litter manipulation in non-forest ecosystems are beyond the scope of this review, although I have included studies on tree seedlings in old fields and in glasshouse experiments. Facelli & Pickett (1991 b) have reviewed experiments on litter in grasslands, and the effects of litter on the structure and dynamics of grassland communities.
(1 ) Definition of terms One of the great difficulties in reviewing a large number of studies dating from different centuries and focussing on a variety of variables is the lack of consistent methodology and terminology. In the interests of clarity, I shall use the definitions and expressions given below throughout the text ; the designations of soil horizons follow the classification of the United States Department of Agriculture (USDA, 2003) . As the profiles and prevalent layers differ between soil types, I use two general terms in order to make comparisons: ' soil ' refers to the mineral soil (mineral matter plus incorporated organic matter), unless otherwise stated, and does not include the ' forest floor ', which encompasses litter and unincorporated humus on the surface of the 'mineral soil '; the forest floor usually comprises at least two of the three organic sub-horizons, Oi, Oe, and Oa. The litter layer (Oi) refers to the surface layer of the forest floor, which is not in an advanced stage of decomposition and consists of fallen leaves, needles, fruits, flowers, and twigs. The fermentation layer (Oe) occurs below the litter layer on many forest soils, where the litter is not mixed with the mineral soil by soil animals. It is composed of partially decomposed organic material, in which some plant structures are still recognisable. Mor humus, moder, and peat have an Oa subhorizon, which consists of well-decomposed organic matter of unrecognisable origin. It should be noted at this point that most of the studies in this review were conducted in beech or coniferous forests and therefore in many cases the organic horizon is mor humus with Oe and Oa subhorizons. Soil organic matter (SOM) or humus refers to the organic matter incorporated into the mineral soil, exclusive of undecayed plant and animal residues, and soil water content refers to the gravimetric or volumetric water content of the soil.
The duration of ' long-term ' litter-raking ranges from a decade to over a century and in most cases was not determined exactly. I have defined those studies as long-term when litter removal was carried out for more than 10-12 years (and therefore short-term is less than 10 years). In general, the effects of long-term litter raking were studied by comparing a traditionally raked forest to a nearby stand of the same tree species on similar soil where litter harvesting had not been permitted. By using this approach, no account can be made of initial differences between sites or stands that may influence the results. Notable exceptions were Krutzsch (1869) , von Schröder (1876), Ramann (1883) , and Schwappach (1887) , who did take pretreatment measurements and conducted the first experimental litter manipulations over a period of 20, 13, 16, and 21 years, respectively. Litter removal in all of the large-scale studies was carried out by raking, but in some of the small-scale studies, litter was excluded by nets above the plots, or collected by hand to avoid damage to seedlings or disturbance to soil animals. There is a great lack of consistency in data collection in almost all of the studies with a duration of more than a year. In many studies only the final results are presented, with little information on the intermediate findings.
Most of the studies before the 1960s did not replicate treatment plots, fail to describe a large part of the methodology used, or, in the case of the 19th Century studies, use antiquated units and methods that cannot be directly compared to modern-day techniques. I have therefore attempted to separate the older, long-term studies from the more recent shorter ones. I have also converted almost all results into percentages in order to make direct comparison possible.
II. HISTORICAL ASPECTS
Forest litter was an indispensable resource for cattle smallholdings in central Europe for many centuries, and its use in agriculture has provided us with the first detailed insights into its importance in forest ecosystems. From around the 12th Century onwards the removal of litter from the forest floor was one of the most common forest management practices in central Europe, alongside pollarding and pastoral use of forest land (Mitscherlich, 1955 ; Ellenberg, 1988; Glatzel, 1991) . The raked-up litter was used as bedding for farm animals (Mitscherlich, 1955 ; Ellenberg, 1988 ; Glatzel, 1991 ; Farrell et al., 2000 ; Jandl et al., 2002) , and subsequently, when it was saturated with animal dung and urine, it was applied to crops as fertilizer (Glatzel, 1991; Farrell et al., 2000) . The increase in cultivation of potatoes, tobacco, and hops in the 18th Century led to a decrease in the area of available forest pasture as forested areas were converted to crop land and more and more animals were kept in stables (Mitscherlich, 1955) . By the early 1800s litter harvesting had become indispensable to small farms (Mitscherlich, 1955) and litter use peaked (Kilian, 1998) . The amount of litter removed from the forest with the first raking ranged from 6-15.6 t ha x1 (Ebermayer, 1876; Tschermak, 1926 ; Kreutzer, 1972) (Table 1) and litter production declined further as forest productivity was reduced. This practice continued until after World War II in some areas, even though its detrimental effects on soil and forest productivity had been well documented by the end of the 19th Century.
The first extensive studies on the importance of litter were conducted as early as the 1850s, and showed that long-term litter removal destabilises forests not only by depleting them of nutrients, but also by damaging the physical and chemical properties of the soil and disrupting the formation of humus (Krutzsch, 1850 (Krutzsch, , 1852 (Krutzsch, , 1863 (Krutzsch, , 1869 Ebermayer, 1876; von Schröder, 1876) . Long-term litter removal from forests was shown to deplete nitrogen to a severe degree (Table 2) , while grazing or timber use alone usually had a less severe impact (Ellenberg, 1988; Glatzel, 1991) . In terms of nutrient losses, a few decades of litter harvesting are comparable with the whole tree harvest of a 100-year old stand (Kilian, 1998 ; Table 1 ). Peak litter removal by raking destroyed the acidneutralizing capacity more quickly than acid rain (Glatzel, 1991) and the combined effect of soil acidification and nutrient depletion was the principal cause of destabilization in forest ecosystems in central Europe, which led to mixed deciduous forests being replaced by, or areas replanted with, less nutrient-demanding conifer stands (Ebermayer, 1876 ; Wittich, 1954; Ellenberg, 1988; Jandl et al., 2002) . Productivity in litter-harvested forests sank drastically in the 1800s ; the average decline in wood production of raked Kilian (1998) stands is thought to have been around 50 % (Jandl et al., 2002) . The effects of long-term litter use persist for many decades after cessation of the harvesting practice and are still reflected in forest soils today in Austria (Glatzel, 1991; Jandl et al., 2002) , Switzerland (Perruchoud et al., 1999) , and Germany (Wittich, 1954; Kreutzer, 1972; Prietzel, Kolb & Rehfuess, 1997) . Litter raking was banned from most forests in Europe by the 1950s (Mitscherlich, 1955) , but it remains a common management practice in pine stands in the USA, where 'pine straw ' has an important commercial value as garden mulch (McLeod, Sherrod & Porch, 1979 ; Ross, McKee & Mims, 1994 ; Haywood et al., 1998 ; LopezZamora et al., 2001) , and in China, where litter and understorey harvesting provides an important fuel source to peasants Mo et al., 2003; Peng et al., 2003) .
III. THE FOREST FLOOR ENVIRONMENT
The litter layer acts as an interface between the soil surface and the atmosphere, and provides a degree of protection to the soil surface by intercepting rain (Benkobi et al., 1993) and solar radiation (Pearse, 1943; Wilke, Bogenrieder & Wilmanns, 1993 ; Ogee & Brunet, 2002) , and buffering the soil surface against fluctuations in temperature (Ramann, 1883 ; MacKinney, 1929; Pearse, 1943; Judas, 1990 ; Poser, 1990 ; Ponge et al., 1993) and water content (Ginter et al., 1979) . Litter is also a major source of soil organic matter, which strongly influences the structure of the soil and increases its stability (Marshall, Holmes & Rose, 1996) . Soil organic matter often plays a role in determining the pH of the soil surface horizons, as pH is regulated by humic acids to a large extent in some soils (Wilke et al., 1993) . Litter and soil organic matter affect soil porosity and aeration indirectly, as they constitute the major food supply to earthworms and soil arthropods (Arpin et al., 1995 ; Marshall et al., 1996 ; Gonzalez & Zou, 1999) . Any changes to the supply of organic matter through litterfall will therefore have wide-reaching effects on soil chemistry and soil physical properties.
(1 ) Compaction, runoff, erosion, and leaching A covering of freshly fallen and partially decomposed leaves, in combination with living vegetation, protects the soil surface from the direct impact of raindrops and throughfall (Benkobi et al., 1993 ; Geddes & Dunkerley, 1999) . Litter cover decreases or prevents the destruction of aggregates and separation of fine particles by raindrop impact, prevents soil surface compaction and sealing and consequently helps to prevent run-off and subsequent erosion during rainfall events (Walsh & Voight, 1977 ; Morgan, 1995 ; Marshall et al., 1996) . Although few studies have quantified changes to soil physical properties such as bulk density or pore volume following litter removal or litter addition, the few studies that exist show an increase in soil bulk density in the absence of a litter layer. Bulk density of surface soil layers in litter-raked forests can be up to twice that of undisturbed stands (Mitscherlich, 1955) and the effects are greater deeper down in the soil profile (Wiedemann, 1935 ; Mo et al., 2003) . Lower pore densities measured in long-term litter-raked plots relative to undisturbed controls also indicate soil compaction (Tschermak, 1926; Ganter, 1927) . Changes in bulk Roles of leaf litter in the functioning of forest ecosystems density in litter-raked forests are most likely to be a combination of higher raindrop and throughfall impact, trampling, and reduced soil organic matter content. Erosion and overland flow are greater when litter cover is absent. Litter provides direct protection against erosion by retaining water (Walsh & Voigt, 1977; Marshall et al., 1996) , thereby reducing run-off and overland flow (Lowdermilk, 1930; Coelho Netto, 1987 ; Benkobi et al., 1993 ; Kimoto et al., 2002) and suppressing rill formation, which in turn reduces the sediment produced by overland flow (Marshall et al., 1996) . Simulated rainfall events on a clay-loam soil showed that a 60 % surface cover of litter reduced soil loss by 60% compared to bare soil (Benkobi et al., 1993) . Earlier litter removal studies demonstrated greater surface run-off and erosion in soils without litter cover (Ganter, 1927; Lowdermilk, 1930) .
(2 ) Soil water content and temperature
The high water retention capacity of litter and soil organic matter helps to maintain maximum infiltration rates (Lowdermilk, 1930 ; Walsh & Voigt, 1977) , which allow the penetration of water to greater depths in the soil profile, thereby slowing soil desiccation due to evaporation (Lowdermilk, 1930 ; Walsh & Voigt, 1977) . Early litter manipulation studies show a reduction in water retention capacity in the soil of 13-14% in the upper soil layers and 4-7% in the lower soil layers in long-term raked forests compared to undisturbed stands (Ebermayer, 1876; Ramann, 1883) .
Litter removal may increase or decrease water content depending on the season and the interval between rainfall events, which leads to inconsistent results between studies. Although Ramann (1883) measured greater soil water content in raked plots during the spring, he found no differences during the rest of the year and most other studies have shown that litter removal decreases soil water content. Lower soil water content in raked plots has been shown : throughout the year (Ganter, 1927) , during the spring and autumn, but not in summer or winter (Gill, 1969) , only in spring (Ponge et al., 1993) , or even during only one month of the year (Judas, 1990) . Studies involving more frequent measurements of soil water content demonstrated that the response of soils to changes in water content are generally more buffered and gradual when a litter layer is present. Litter removal was found to increase water content shortly after rainfall events and to decrease it during dry periods (Lunt, 1951 ; Ginter et al., 1979) . These opposing effects, combined with differences between sites and between years explain the contradictory results found in less intensive studies.
Litter addition appears to have little effect on soil water content (Gill, 1969; Uetz, 1979; Poser, 1990) , although increased soil water content in litter addition treatments has been shown in one study (Judas, 1990) .
Litter buffers fluctuations in soil temperature by reducing evaporation from the soil surface and by intercepting radiation (Pearse, 1943; Wilke et al., 1993 ; Ogee & Brunet, 2002) , thus delaying freezing in temperate sites in winter (MacKinney, 1929 ; Walsh & Voigt, 1977) ; and increasing the length of the growth period (Krutzsch, 1863) . Litter removal caused greater fluctuations in soil temperature (Ramann, 1883 ; MacKinney, 1929 ; Pearse, 1943 ; Judas, 1990; Poser, 1990 ; Ponge et al., 1993) and higher soil temperatures during warm periods (Ramann, 1883; Ganter, 1927; Gill, 1969 ; Uetz, 1979; Judas, 1990) , whereas soil temperatures in plots with litter cover, whether litter addition treatments or controls, are less variable throughout the year (Pearse, 1943 ; Gill, 1969 ; Judas, 1990 ; Poser, 1990; Ponge et al., 1993 ; Facelli et al., 1999) .
The general lack of changes in soil water content and temperature with litter addition treatments suggests that natural litter cover is adequate protection for the soil. However, changes to soil water content and temperature following litter removal can be quite drastic and may affect the forest carbon balance, as soil water content and surface temperature are driving factors of soil respiration (Singh & Gupta, 1977; Ogee & Brunet, 2002) and strongly influence decomposition rates (Krutzsch, 1863; Facelli & Pickett, 1991b) .
Soil organic matter, or humus, plays a dual role in determining soil pH. Soil pH is determined by the concentration of cations, mainly hydrogen and aluminium, in soil water (Brady, 1974) . Clay particles and soil organic matter complexes provide negative binding sites for cations and in soils with near-neutral or alkaline pH, cations such as calcium, ammonium, potassium, and magnesium replace hydrogen and aluminium ions on these exchange sites (Killham, 1994) . These cations are not tightly bound, but can be exchanged with other cations in the soil solution ; the cation exchange capacity (c.e.c.) of the soil acts as a buffer controlling the input and release of nutrients (Davis et al., 1992) . Soil organic matter may provide the bulk of exchange sites in soils with low clay content, and therefore strongly influence c.e.c. and nutrient availability. However, the negative charges on complexes of soil organic matter are not permanent, but susceptible to changes in pH. Microbial decomposition of organic matter can increase soil acidity through the production of organic acids (Killham, 1994) . Litter removal can potentially either decrease soil pH by diminishing the supply of exchangeable base cations (Wittich, 1951) , or increase soil pH by reducing the amount of organic acids produced (Mitscherlich, 1955) .
Soil pH decreased with litter removal on various soil types (Ellenberg, 1988 ; Glatzel, 1991; Ponge et al., 1993) , many of which were sandy (Wittich, 1951) or nutrient-poor (Wittich, 1951; Dzwonko & Gawronski, 2002a) . Soil pH increased with litter removal on nutrient-poor oxisols (Mo et al., 2003) , where c.e.c. is determined by the generally high clay content, and on a highly acidic sandy soil under mor humus (Němec, 1929) . The removal of the entire forest floor in Pinus sylvestris stands on mor humus also increased pH by reducing the amounts of humic acids leaching into the mineral soil (Fiedler et al., 1962; Baar & Ter Braak, 1996) .
An increase in soil pH with litter addition has only been shown in one study (Ponge et al., 1993) , but natural accumulation of litter and organic matter has also been 6 associated with an increase in pH of up to half a unit (Beatty & Sholes, 1988 ; Wilke et al., 1993) .
Interestingly, the studies showing a decrease in pH with litter removal were in mixed deciduous or mixed pinedeciduous forests on soils with initial pH values of 5-5.5 (Ponge et al., 1993 ; ; the studies showing no difference in pH with litter removal were conducted in pine forests on soils with a pH of around 5 (Lunt, 1951; McLeod et al., 1979; Fisk & Fahey, 2001) , while those showing an increase were in Pinus species stands on acidic soils with a pH of around 3-3.5 (Němec, 1929; Baar & Ter Braak, 1996 ; Mo et al., 2003) . The direction and magnitude of changes to soil pH following litter manipulation appear to be driven by initial pH, soil-, and vegetation type and result in soil pH values that are similar to the pH of rainfall, which suggests that litter removal reduces the buffering capacity of the soil for changes in pH.
IV. THE CARBON CYCLE
Litter manipulation also adds carbon to or removes it from the system, which affects the organic matter content of the soil and the build-up of the forest floor ; these influence decomposition and soil respiration rates. The amount of carbon removed from central European forests with the first litter harvest has been estimated as 3.0-7.8 t ha x1 (Tschermak, 1926) , depending on forest type and site fertility ; subsequent harvests removed 1.4-2.8 t ha x1 year x1 (Feinstmantel, 1876 ; Tschermak, 1926 ; Krapfenbauer 1983 ; Ellenberg, 1988) . These estimates agree with Ebermayer's (1876) measurements of average annual carbon loss by litter raking of 1.5 t ha x1 year x1 in Fagus sylvatica stands, and 1.4 t ha x1 year x1 in stands of Picea abies and Pinus silvestris.
(1 ) Humus, soil organic matter, and soil C/N ratios The thickness of the organic layers (Oe and Oa horizons) that form on some soils is diminished by litter removal. Long-term litter raking reduced the depth of the Oe and Oa horizons in forests dominated by Pinus sylvestris and Fagus sylvatica by around 50% (von Schröder, 1876; Ramann, 1883 ; Němec, 1929 Němec, , 1931 Wiedemann, 1935) although an extensive study in 17 different forests showed very high variation (0-89 % decrease in depth) between stands of Pinus sylvestris on different soil types ; the relative reduction depended largely on the duration of litter removal (Wittich, 1951) . Significant reductions in the depth of the organic horizons only occur after about a decade of litter removal (Dzwonko & Gawronski, 2002a) . Few short-term studies have measured soil organic matter (SOM) or organic horizon thickness and no differences between treatments had occurred after five (Ponge et al., 1993) and seven years of raking (Ross et al., 1994) . However, treatments in the latter study were only carried out every three years.
One or more decades may be necessary for the recovery of SOM content after the cessation of litter removal (Fiedler et al., 1962 ; Baar & Ter Braak, 1996 ; Mo et al., 2003) ; increasing levels of soil carbon content have been detected after 10-15 years (Mao et al., 1992) .
Data from litter addition treatments are scarce. However, increased C/N ratios in mor humus (Lunt, 1951; Park & Matzner, 2003) , and a twofold increase in soil carbon in the mineral soil surface layers (Ponge et al., 1993) have been measured after only a few years (2-5) of litter addition. Soil fertility and species composition determine the quality of litter, strongly affecting decomposition rates (Vesterdal, 1999 ; Sariyildiz & Anderson, 2003) and carbon accumulation (Cote et al., 2000; Giardina et al., 2001; Franklin et al., 2003) , and therefore influence the effects of increased litter inputs on SOM and forest floor thickness.
(2 ) Soil respiration and microbial biomass
Litter removal leads to a decline in fresh decaying organic matter in the soil surface layers, which affects microbial communities and generally causes a decrease in soil respiration (Bowden et al., 1993; Jandl & Sollins, 1997; Nadelhoffer et al., 2004 ; Li et al., 2004; Vasconcelos et al., 2004) . In a mixed deciduous forest, litterfall data and the measurements of carbon content and decay rates from the litter horizon showed that fresh organic matter contributed about 11% to total soil respiration (respiration from the mineral soil and the forest floor including root respiration ; Edwards & Harris, 1977) . Data from root-and litterexclusion treatments provided a similar value of 12 % from decomposing recent litter and show that 26% of the total respiration derives from the decay of older organic matter (Bowden et al., 1993 ; Nadelhoffer et al., 2004) . Long-term litter harvesting in China decreased soil respiration by 40-63% (Mao et al., 1992) , and litter removal experiments in tropical forests measured a decrease in soil respiration of 28% after one year (Vasconcelos et al., 2004) and 54% after seven years (Li et al., 2004) . Long-term changes in litter inputs may also influence soil respiration rates by modifying soil temperature and soil water content (Schlentner & Van Cleve, 1985) , pH (Kowalenko, Ivarson & Cameron, 1978) , nutrient availability (Singh & Gupta, 1977) , soil carbon content, and cation exchange capacity (La Scala et al., 2000) . These secondary effects of litter on soil respiration rates complicate predictions and estimates of the long-term consequences of changes to litter inputs.
Litter addition treatments in a temperate deciduous forest had no effect on total soil respiration after one year of treatment, but respiration in laboratory incubations of soil from litter addition plots was 40 % higher than controls after five years (Bowden et al., 1993; Nadelhoffer et al., 2004) .
The addition or removal of litter alters soil microbial biomass and activity by changing the amount of available substrate. Total microbial biomass in the upper 25 cm of the mineral soil declined by an average of 67 % after seven years of litter removal treatments in a young secondary montane tropical rainforest (Li et al., 2004) . Substrate-induced respiration (SIR) is commonly used as a measure of active microbial biomass (Anderson & Domsch, 1978) ; long-term litter harvesting in Eucalyptus forests in tropical China decreased SIR in the upper 25 cm of the soil by 40% on average and by 61% during the rainy season . In a temperate deciduous forest, SIR in the organic horizon declined by 17 % over nine years when litter was removed every other year (Fisk & Fahey, 2001) . Removing leaf litter from pots of forest floor material taken from boreal Pinus sylvestris and Betula alba stands decreased SIR by 7 % and 30 %, respectively, after two growing seasons (Nilsson, Wardle & Dahlberg, 1999) . One study showed no decrease in microbial biomass with litter removal, but there was a strong decrease in the active microbial biomass in the soil in treatments in which the O and A horizons had been removed (Nadelhoffer et al., 2004) . This result suggests that organic matter in some soils may be sufficient substrate for microbial growth over long periods of time without fresh litter inputs (Park & Matzner, 2003) . The measure of total microbial biomass allows no conclusions to be drawn about microbial community structure, but shifts in dominance towards microbes feeding on older organic matter (Fontaine, Mariotti & Abbadie, 2003) can be expected following litter removal.
In a temperate deciduous forest, litter addition had little effect on microbial biomass in the forest floor after two years (Park & Matzner, 2003) , but another study showed increased total fungal biomass in the forest floor, as well as decreased total fungal biomass and active bacterial biomass in the mineral soil after five years of litter addition (Nadelhoffer et al., 2004) .
V. THE NUTRIENT CYCLE
Fine litter forms an inherent part of the nutrient cycle. In terms of nitrogen loss, a single litter harvest was equivalent to harvesting half to a full crop of rye (Ehwald, 1957) . It is therefore hardly surprising that the most dramatic results relating to soil nutrients have been obtained in forests where litter harvesting was a common management practice over many decades. No recent experimental studies have quantified nutrient removal with litter harvesting, but estimates for central European forests range from 8.5 to 71 kg ha x1 yr x1 for nitrogen (Ebermayer, 1876 ; Ramann, 1883; Ganter, 1927; Mitscherlich, 1955; Kreutzer, 1972; Krapfenbauer, 1983; Killian, 1998) and from 0.5 to 15 kg ha x1 yr x1 for phosphorus (Ramann, 1883; Ganter, 1927; Mitscherlich, 1955; Krapfenbauer, 1983 ; Killian, 1998) (Table 1 ). The high variation between the values given in different studies can be attributed to differences in soil fertility, vegetation, and their combined effect on litter quality, with higher litter quality and therefore higher nutrient export for mixed deciduous forests on nutrient-rich soils, and the poorest litter quality and lowest nutrient export for conifer forests on nutrient-poor soils (Ebermayer, 1876) . The nutrient export from long-term raked forests will have decreased over time with the decline in litter production (Tschermak, 1926; Mitscherlich, 1955; Kreutzer, 1972; Krapfenbauer, 1983) , and litter quality . Deciduous forests on nutrient-rich soils lost greater amounts of nutrients through litter removal, as angiosperm deciduous leaves tend to have higher nutrient concentrations than pine needles (Ebermayer, 1876 ; Krapfenbauer, 1983) . Furthermore, deciduous trees are usually badly adapted to low nutrient conditions (Small, 1972 ; Goldberg, 1982 ; Givnish, 2002) and productive mixed deciduous forests are usually found on relatively fertile soils where nutrient use (sensu Vitousek, 1982) is less efficient (Goldberg, 1982) .
Changes in soil water content, soil temperature and pH with differing litter quantity have an indirect influence on nutrient availability. The environmental conditions in the litter layer and the quality of the litter affect decomposition rates and microbial activity, and thus regulate the rate of nutrient release from organic matter (Facelli & Pickett, 1991b ; Blair, Crossley & Callaham, 1992 ; Stump & Binkley, 1993; Scott & Binkley, 1997) . The cation exchange capacity and base saturation of the soil depend largely on organic matter content (Wittich, 1951 ; Mitscherlich, 1955 ; Marshall et al., 1996) . Therefore, litter removal will affect the amounts of nutrients available for growth in two ways: directly, by exporting nutrients with fine litter, and indirectly by reducing the availability of nutrients in the soil. With time a positive feedback ensues as nutrient concentrations in the leaves decrease and litter quality deteriorates, so that effects persist even after the cessation of litter removal.
( 1) Nutrients in the soil Litter removal decreases the concentrations of nutrients in the soil, especially on nutrient-poor soils such as sand. Nutrient availability can also be influenced by changes in cation exchange capacity, which was shown to decrease after litter removal (Dzwonko & Gawronski, 2002a) . Leaching also increases in the absence of litter cover ; lower nutrient concentrations in the surface soil and higher concentrations in the lower layers of the soil profile in raked stands compared to controls indicate leaching downwards through the soil profile by rainwater (Němec, 1929 ; Lunt, 1951) . High leaching losses in particular of nitrogen can occur in long-term litter raked forests , and they may even be greater than those caused by the removal of nitrogen in fine litter (Ramann, 1883) .
The great majority of long-term studies showed that litter harvesting diminished the amount of total and available nitrogen in the soil ( Table 2 ). The first study of the effects of long-term litter raking on soil nitrogen concentration showed a 43% overall decrease in total nitrogen and a reduction of almost 90% in the upper 0.5 m of the soil (Ebermayer, 1876) . Later studies in different forests showed a strong but less dramatic mean decrease of 18 % of total nitrogen in the upper 10 cm of the mineral soil (Němec, 1929) , but decreases of up to 78 % in available nitrogen (Wittich, 1951) . Although the depletion of nitrogen over many decades of litter removal is hardly surprising, decreases of 41 and 18 % total nitrogen concentration have been measured in the upper 15 cm of the soil after raking for only 12 and 15 years by Hanamann (in Ramann, 1883) and Ganter (1914) , respectively. There is high variation (5-78 %) in the loss of nitrogen caused by long-term litter removal between sites (Table 2) depending on soil type and in particular soil fertility (Fig. 1) . Regression analysis of 30 litter removal studies in forests showed that the relative soil nitrogen loss from the top 10 cm of mineral soil generally increased with increasing initial nitrogen concentration in the soil (linear regression analysis : d.f.=30 ; R 2 =0.216, P=0.005), especially in sandy soils (linear regression analysis : d.f.=24 ; R 2 =0.23, P=0.009). However, many of the available data are from sandy soils and general conclusions will be biased towards the responses in forests on that soil type.
Studies of long-term harvesting of litter in China have also shown a decrease in total soil nitrogen of up to 40% . Concentrations of ammonium and nitrate in the soil of the raked plots in another study fluctuated much more strongly than in undisturbed forest (Mo et al., 2003) , which may be attributed to greater seasonal changes in soil temperature and soil water content in the absence of the litter layer and low rates of uptake and immobilization by microbes (Mo et al., 2003) .
By contrast, most short-term manipulation experiments have shown no significant decreases in soil nitrogen concentration Ross et al., 1994 ; Fahey, Battles & Wilson, 1998) , although nitrogen mineralization rates can decrease fairly rapidly after a single forest floor removal treatment (Gomez et al., 2002) . It is possible that the duration of most of the more recent studies has not been sufficient to detect differences in the nitrogen balance of forests, but methodology may also have had a strong influence on results as total Kjeldahl organic nitrogen was determined and changes to inorganic nitrogen concentrations would not have been detected.
In recent studies atmospheric nitrogen deposition may have masked nitrogen depletion with litter removal, but nitrogen levels may eventually decline if treatments are continued (Fahey et al., 1998) . Mean chronic nitrogen deposition in Europe amounts to approximately 17 kg ha x1 yr x1 and in the USA to around 7.7 kg ha x1 yr x1 (Stevens et al., 2004) and would therefore 'replace ' much of the nitrogen being removed with the litter, or even exceed annual nitrogen export (Table 1) . Litter removal has been proposed as a forest management practice for the amelioration of eutrophicated forests in the Netherlands on the basis of similar calculations (Baar & Kuyper, 1998) . Nitrogen deposition was initially thought to reverse the most important effects of long-term litter removal (Prietzel et al., 1997), but other effects of litter removal and soil acidification with atmospheric nitrogen deposition remain a problem. Treatments in which the entire forest floor is removed constitute a greater disturbance to the forest nutrient balance than litter removal, as the organic horizons have developed over decades or even centuries and losses caused by their removal cannot be rapidly replenished. A single removal of the forest floor in Pinus sylvestris stands on mor humus in the Netherlands caused an 8% decrease in available nitrogen in the soil and a reduction of ammonium and nitrate concentrations by 56 and 31%, respectively, within a period of only three years (Baar & Ter Braak, 1996) . In a similar stand in Germany, measurements taken 47 years after the removal of the forest floor still showed a thinner organic horizon with lower nitrogen concentrations than in the control plots (Fiedler et al., 1962) , demonstrating that several decades are necessary for the ecosystem to recover when large amounts of organic matter and nutrients have been removed.
Little is known about the changes in nitrogen concentrations with increased litter supply, but a 38 % increase in dissolved organic nitrogen in forest floor leachates (Park & Matzner, 2003) was observed after two years of litter addition in a temperate mixed deciduous forest. Table 2 .
Roles of leaf litter in the functioning of forest ecosystems (b ) Phosphorus and other mineral nutrients
Long-term litter removal in central Europe caused a large decline in soil nutrient concentrations. Total phosphorus decreased on average by 26% and available phosphorus by 45% (Table 2) . One study of long-term litter raking calculated decreases of between 65 and 85% in exchangeable base cations (Wittich, 1951) ; averaged over all long-term studies, potassium concentrations decreased by 42 %, calcium by 57 % and magnesium by 52 % but variation between sites was high for all nutrients (Table 2) . Large decreases in available phosphorus, potassium, and magnesium concentrations have been detected after only 12 and 15 years of treatments (Ramann, 1883) , indicating that changes in these nutrients may occur relatively rapidly.
Litter removal also appears to decrease sulphur, iron, and manganese concentrations in the soil (Ramann, 1883; Němec, 1929) , but very few data are available on these nutrients. Although all of the above values were measured in the soil surface layers (0-15 cm), where the effect is expected to be strongest, lower availability of nutrients in soils of raked stands relative to controls generally persisted to a depth of 30 cm. Long-term use of litter as garden mulch in the USA or for fuel in China has similar negative effects on total phosphorus and calcium availability in the soil. Significant decreases of 21 % in total phosphorus and 75 % in exchangeable calcium concentrations have been found after 20 years of 'pine straw ' harvesting (Lunt, 1951) , and litter harvesting for fuel use depleted total soil phosphorus concentration by 37 % after 34 years .
There are three possible patterns of ' available ' nutrient loss over time (Fig. 2) , depending on the buffering capacity of the system for a given nutrient. The first pattern is that of no apparent change for a number of years and then a sudden decrease in nutrient concentrations once a critical level is reached, indicating that the system is buffered against losses of these nutrients (line 1 in Fig. 2 ). The second pattern (line 2) is a steady, more or less linear decline in nutrient concentrations with litter raking over time, which occurs when the system has an intermediate buffering capacity for the nutrients in question. The third pattern (line 3) is that of a strong decrease after a relatively short period of litter removal, indicating that the system is not well buffered against losses of these nutrients, or that a large proportion is recycled in fine litter. Most nutrients seem to follow the first pattern of a sudden decline in nutrient concentrations after a number of years ; short-term studies did not show a difference in nutrient concentrations, but large decreases were found in long-term studies. The loss of available phosphorus and potassium appear to follow the third pattern, as a 67 % decrease in available phosphorus in the soil was measured after four years of litter removal in one study (LopezZamora et al., 2001) , and a 24% decrease in potassium after only three years in another . The buffering capacity of some forests may be at least partly determined by the nutrient reserves in decomposed organic matter ; Baar & Ter Braak (1996) removed the entire forest floor in a Pinus sylvestris stand, and although this treatment was carried out only once, available nitrogen in the upper 5 cm of mineral soil sank by 8 %, available phosphorus by 52%, and potassium by 26 %.
Litter addition has not been shown to increase nutrient concentrations in the mineral soil (Lunt, 1951) , but higher tree growth rates were found in litter addition plots, probably due to extra nutrients (see section VI.1).
( 2) Nutrients in foliage, litter, and wood Litter removal reduced foliar nitrogen concentrations by 15% and 13 % in long-term studies (Němec, 1929 ; Mo et al., 1995) , but short-term studies have found no differences between litter treatments Baar & Ter Braak, 1996; Fahey et al., 1998) . However, a 20 % decrease in the nitrogen concentration of the litter in one of the shortterm studies, despite the lack of changes in foliar nitrogen concentration, demonstrated greater retranslocation of nitrogen after three years of litter removal .
By contrast, reductions in foliar concentrations of phosphorus, calcium, and magnesium after litter removal have been observed in both long-and short-term studies. Foliar phosphorus was lower at four out of ten sites (Němec, 1929 ; Wittich, 1951 ; McLeod et al., 1979 ; Haywood et al., 1998 ; Lopez-Zamora et al., 2001) , magnesium at three out of eight sites, and calcium at four out of eight sites (Němec, 1929 ; Wittich, 1951; McLeod et al., 1979) . The timing of foliage sampling is crucial, as nutrient concentrations differ through the year (e.g. Bockheim & Leide, 1991) . The importance of timing when sampling foliage for nutrient analyses becomes clear when samples are taken several times a year. Differences in foliar nitrogen concentrations between treatments in Pinus elliottii needles during a five-year litter removal study varied from 14 to 2% depending on the period in which the needles were sampled ; the only significant reduction in foliar nutrients in the litter removal plots occurred during the main growth period (Lopez-Zamora et al., 2001) .
Wood ash from trees in litter removal treatments contained less phosphorus and potassium than in undisturbed forest ; Fagus sylvatica and Pinus sylvestris showed a 61-76 % decrease in phosphorus concentration and a 10-49 % decrease in potassium concentration in long-term litter removal plots (von Schröder, 1876; Němec, 1929) . Although reductions in the concentrations of sulphur (62%), magnesium (17%), and calcium (12%) were also apparent in F. sylvatica (von Schröder, 1876) the concentrations of these nutrients increased in the wood ash of P. sylvestris by 23, 72, and 22%, respectively (Němec, 1929) . Litter addition treatments increased the concentrations of calcium (29%), magnesium (66%), sulphur (32%), and manganese (35%) in the wood ash of F. sylvatica but had no effect on magnesium and even reduced phosphorus concentrations by 36% (von Schröder, 1876). As these studies were conducted at different locations, the apparent differences between the two species will be strongly influenced by site characteristics.
Many factors can influence the nutrient concentrations measured in plant material and there exist discrepancies between studies and even within studies in multiple sites. This is hardly surprising when one considers that the soil fertility of a site influences leaf and litter quality and therefore the nutrient loss to the system with litter removal. Furthermore, water stress, competition for nutrients, and the degree of retranslocation of scarce nutrients will determine foliar nutrient concentrations, and therefore litter nutrient concentrations, to some extent ; all of these factors are also site-specific and species-specific. Differences in leaf production and tree growth may mask increases or decreases in foliar nutrient concentrations, especially nitrogen (Tanner, Vitousek & Cuevas, 1998) , a phenomenon that is known from fertilization experiments (Waring & Schlesinger, 1985 ; Tanner et al., 1998) . Nitrogen fertilization has been shown to have little effect on foliar nutrient concentrations, even though the additional nitrogen caused increased plant growth (Healey, 1989 ; Tanner et al., 1998) ; decreased tree growth in litter removal treatments may therefore explain the modest changes -or lack of change -in foliar nitrogen concentrations. Evidence for this is provided by litter manipulation studies where an increase or decrease in soil nutrients or tree growth was not accompanied by a corresponding change in foliar nutrient concentrations (Wittich, 1951 ; Němec, 1929 ; Baar & Ter Braak, 1996 ; Lopez-Zamora et al., 2001) .
VI. DIRECT AND INDIRECT EFFECTS ON VEGETATION
Changes to soil properties and disturbances to the nutrient supply of the forest following litter manipulation will directly or indirectly influence plant growth and survival. Changes to the soil water balance and the nutrient cycle constitute direct influences on plant growth as they modify the availability of resources. Soil compaction and other changes to the soil structure will indirectly affect tree growth by diminishing the available pore space, thus inhibiting root expansion (Ebermayer, 1876) . Increases or decreases in organic matter content can cause changes in pH (Wilke et al., 1993) , base saturation (Wittich, 1951 ; Mitscherlich, 1955; Marshall et al., 1996) , and the water retention capacity of the soil (Lowdermilk, 1930; Walsh & Voigt, 1977) , all of which may influence nutrient uptake, and therefore potentially growth and survival, of the vegetation. Furthermore, litter cover can influence seed germination and seedling establishment and survival both positively and negatively, changing competitive outcomes between tree seedlings and forbs (Sydes & Grime, 1981 ; Facelli & Pickett, 1991a, c; Wilson & Zammit, 1992 ; Barritt & Facelli, 2001 ) and thus contributing to the species composition and structure of the forest understorey (Sydes & Grime, 1981; Facelli & Pickett, 1991 b) .
(1 ) Tree growth Long-term litter raking drastically decreased wood production in the forests of central Europe (Ebermayer, 1876; Mitscherlich, 1955) . Indeed, declines in timber production of forests of one-third (Schwappach, 1887 ; Klietsch, 1950; Wittich, 1954) and even almost two-thirds (Wiedemann, 1935) have been reported. Calculations from tree ring widths show a 15-20% lower diameter increment after two to three decades of litter raking (Mitscherlich, 1955) and stands replanted on formerly raked soil grew only half as fast as stands planted on unraked ground (Wiedemann, 1935) . While long-term studies of the effects of litter-harvesting unequivocally show decreases in tree growth of around 30-60% (Schwappach, 1887 ; Němec, 1931; Wiedemann, 1935) , these reductions in growth rates generally only become apparent after about 15 years ( Table 3 ).
Concerns that 'pine straw ' harvesting for garden mulch would affect timber production in plantations in the USA appear to have been unfounded. Although most studies demonstrated a negative effect of pine straw raking on diameter at breast height or basal area increment of Pinus echinata ( Jemison, 1943) , P. resinosa (Lunt, 1951) , P. palustris Haywood et al., 1998) , and P. eliottii (Lopez-Zamora et al., 2001) , the reductions in growth were small and not considered commercially important (Lunt, 1951 ; Jemison, 1943) . Recent studies have shown a decrease in growth of only a few per cent in annually raked plots after four years (Lopez-Zamora et al., 2001) and no differences in growth in plots where pine straw was removed only every two, three, or four years (Ross et al., 1994 ; Lopez-Zamora et al., 2001) .
Inconsistent short-term reductions in growth in some study years but not in others Haywood et al., 1998) may stem from changes in soil water content (Ginter et al., 1979) . Measurements of the pressure potential in the xylem of needles have shown a decrease in trees in raked plots only 14 days after treatment. Although the trees responded rapidly to rainfall, they did not fully recover their pressure potential to the level of the controls, and the differences existed throughout the entire experiment thereafter, with trees in the litter-removal plots always showing significantly lower water potential following dry periods (Ginter et al., 1979) . The nature and the magnitude of the effects of litter removal on tree growth through changes in the water balance vary between wetter and drier years, with reduced tree growth in dry periods (Mitscherlich, 1955) and even increased growth in wetter years, possibly due to greater root-soil contact with soil compaction (Gomez et al., 2002) , as long as nutrient supply is sufficient.
Thus, rapid declines in tree growth rates following the beginning of treatments Haywood et al., 1998) are most likely a consequence of changes to the water balance, but long-term litter removal affects tree growth mainly as a consequence of reduced nutrient availability ; lasting negative effects on tree growth will occur once a critical level of nutrients is reached (von Schröder, 1876) .
Only two studies have investigated the effects of litter addition on tree growth, both were in stands of Fagus sylvatica, and neither showed a treatment effect (Krutzsch, 1863; von Schröder, 1876) .
(2 ) Seed germination, seedling emergence, establishment, and survival
The most frequent application of experimental litter manipulation is to investigate the effects of patches of differing litter quantity on seeds and seedlings. Small-scale variation in litter distribution can be very high and is influenced by factors such as species distribution, wind redistribution (e.g. Wilke et al., 1993) , water flow from tree trunks (Wilke et al., 1993) and differences in topography (Beatty & Sholes, 1988) ; the resulting patches of differing depths of litter cover affect seedling emergence, establishment and survival in a variety of ways.
(a ) Early life stages -seed germination and seedling emergence Litter removal can induce germination in small seeds. Shifts in light levels to lower red/far-red ratios beneath the canopy increase further beneath litter cover and strongly inhibit the germination of photoblastic seeds, especially during the dry season in tropical forests (Vazquez-Yanes et al., 1990) . By inducing seed dormancy, the litter layer may be an important factor in maintaining the soil seed bank in lowland rain forest (Vazquez-Yanes et al., 1990 ; Metcalfe & Turner, 1998) . A combination of litter removal, litter addition and soil scarification treatments in an experimental study of seed germination from the soil seed bank (Metcalfe & Turner, 1998) showed that the combined treatment of soil scarification and litter removal promoted the germination of very small-seeded species ( <100 mg), but that scarifying the soil and replacing the litter had no effect on germination. While soil scarification brought buried seeds to the surface, it was the removal of the litter layer that exposed them to stimulatory wavelengths, even without simultaneous opening of the canopy (Metcalfe & Turner, 1998) . Such 'litter gap demanders ' can survive at least six months in the soil seed bank (Metcalfe & Turner, 1998) , and may survive even longer, until disturbance provides litter-free sites for germination (Putz, 1983; Vazquez-Yanes & Orozco-Segovia, 1992) . A similar study in tropical montane rainforest showed that soil scarification greatly enhanced germination of large seeds (1.2-7.3 mm diameter) from the soil seed bank regardless of whether litter was present or absent, and litter removal alone had no effect (Dalling, 1995) .
Litter represents a physical barrier to shoot emergence. Multiple-species studies using varying litter cover depths have shown a clear relationship between seed size and the Table 3 . Effects of litter removal on tree growth sorted by treatment duration. Values shown are the percentage reductions in growth in diameter at breast height, height, basal area, and total timber volume or mass, as compared to control stands/plots. '+ ' indicates an increase in growth. 'n/a -reduction ' indicates that a reduction in growth was apparent, but no values were given by the source. (Ganade & Brown, 2002) and facilitated the germination and seedling emergence of shade-tolerant species after opening of the canopy following hurricane disturbance, while removal of the litter layer resulted in massive recruitment of pioneers and shadeintolerant species (Guzman-Grajales & Walker, 1991). The sensitivity of shade-intolerant species to the depth of litter in high-light conditions varies, but emergence is generally strongly reduced, and litter cover may result in the failure of some species to colonize newly formed gaps (Molofsky & Augspurger, 1992) , while the emergence of shade-tolerant species in high-light environments is either unaffected or significantly increased by litter cover but is not affected by litter cover in the understorey (Molofsky & Augspurger, 1992 ; Ganade & Brown, 2002) . Litter has been discussed as a strong evolutionary selective pressure on seed size in trees (Vazquez-Yanes & Orozco-Segovia, 1992) , as the ability of large-seeded species to germinate beneath the litter confers the advantage of protection from seed predators (Reader, 1993 ; Cintra, 1997 ; Ganade & Brown, 2002) . However, although there exists empirical evidence to back this theory, there are many examples where no relationships between seed size and shade-tolerance or predation were found and the support for this theory in general is therefore not very strong (Coomes & Grubb, 2003) .
Interactions between litter cover, water availability, and the desiccation tolerance of seeds and seedlings also affect seedling emergence. Litter cover may maintain a sufficiently humid microenvironment for imbibition of seeds (Facelli et al., 1999) and the water retention capacity of the litter layer may prevent desiccation (Lopez-Barrera & GonzalezEspinosa, 2001 ). Evidence for this is provided by a study in which litter addition increased emergence of Eucalyptus species from humid habitats but had no effect on the emergence of species from more xeric environments (Facelli & Ladd, 1996) .
The physical structure of the litter layer (e.g. pine needles or leaves of deciduous species), and whether it is matted (e.g. by fungal hyphae) or loose, can further influence the emergence of shoots (Barrett, 1931 ; Facelli & Pickett, 1991 b) . Just as a thick layer of litter may obstruct emerging shoots when seeds germinate on the soil surface, the radicle of seeds germinating on the surface of a dense litter mat can be prevented from reaching the soil and is more prone to desiccation, whereas seeds on loose litter can be displaced downwards and remain covered until seedling emergence (Lopez-Barrera & Gonzalez-Espinosa, 2001 ).
( b ) Seedling survival and performance
Litter creates growth conditions that are more, or less, suitable for seedlings of different species. Thicker litter cover may favour some species (Barrett, 1931 ; Cintra, 1997) , while having no effect on others (Cintra, 1997) , and the presence of litter cover of different depths may change the ranking of the species' survival (Molofsky & Augspurger, 1992) . The input of nutrients from decomposing litter may also increase seedling growth (Brearley, Press & Scholes, 2003) and therefore increase survival. Litter cover also influences seedling survival and performance at later life stages through interactions with biotic factors such as herbivores and pathogens. Litter can provide microhabitats for arthropods and create a shady and wet environment that favours fungal pathogens (Hermann & Chilcote, 1965 ; Sydes & Grime, 1981 ; Fowler, 1988 ; Facelli & Pickett, 1991b) . In general leaf damage by herbivores in tropical lowland rainforest was increased in litter addition treatments and decreased in litter removal treatments (Benitez-Malvido & Kossmann-Ferraz, 1999; Garcia-Guzman & BenitezMalvido, 2003) , and thicker litter cover increased the likelihood of damage by pathogens (Benitez-Malvido & Kossmann-Ferraz, 1999) . Higher mortality of seedlings in some studies has been attributed to pathogen damage (Facelli et al., 1999 ; Hastwell & Facelli, 2000) , and this finding was supported by decreased mortality following fungicide application (Facelli et al., 1999) . However, increased litter depth may also positively affect the survival of some seedlings by reducing the likelihood of discovery by herbivores (Cintra, 1997) .
( c) Competition
Naturally occurring patchiness of litter and the speciesspecific responses to litter during various life stages can alter the outcome of competition (Facelli & Pickett, 1991 a, b ; Molofsky & Augspurger, 1992 ; Ganade & Brown, 2002) .
In old fields, litter addition favours the emergence and survival of tree seedlings by suppressing the growth of forbs (Monk & Gabrielson, 1985 ; Facelli & Pickett, 1991a, c; Facelli, 1994) , while litter removal favours herbaceous species (Monk & Gabrielson, 1985) , many of which are very small-seeded and cannot penetrate litter cover. Tree seedlings may fare better than herbaceous plants in the presence of litter cover, even if seed size is alike, as lignified shoots can facilitate penetration of the litter layer (Cintra, 1997) , although there are also examples of forbs and grasses with robust shoots, which can easily penetrate a thick layer of litter (Grime, 1979) . Litter addition in old fields was shown to have as great an effect on tree seedling growth and survival as the experimental removal of above-ground competition Facelli, 1994) ; and combining the removal of below-ground competition (trenching to remove roots) with litter addition enhanced seedling densities of perennials by 84% (Monk & Gabrielson, 1985) .
Various litter manipulation experiments have shown that the effects of litter cover on the germination and survival of seedlings is particularly important in the invasion of trees in old fields (Facelli & Pickett, 1991 a, b, c; Myster & Pickett, 1993; Facelli, 1994 ; Xiong & Nilsson, 1999 ; Ganade & Brown, 2002) . Such differences in competitive outcomes between forbs and tree seedlings caused by litter can persist in closed canopy forest (Sydes & Grime, 1981 ; Wilson & Zammitt, 1992 ; Barritt & Facelli, 2001) , and tree litter may be the major determining factor of the species composition of the herbaceous layer in some woodlands (Sydes & Grime, 1981) . The addition of tree litter to understorey plots with herbaceous seedlings strongly reduced the total biomass of many forb species (Sydes & Grime, 1981 ; Wilson & Zammit, 1992; Eriksson, 1995 ; Shelton, 1995 ; Barritt & Facelli, 2001) .
Litter cover may also influence competition between seedlings of tree species with differing seed sizes. Moreover, the immobilization of nutrients during litter decomposition and the resulting decrease in nutrient availability may cause an increase in competition intensity between established tree seedlings .
(3 ) Plant community structure and diversity
The effects of litter cover on seedling establishment and competitive interactions will ultimately influence species diversity and community structure (Sydes & Grime, 1981; Facelli & Pickett, 1991a, b, c; Guzman-Grajales & Walker, 1991; Molofsky & Augspurger, 1992 ; Peterson & Facelli, 1992; Benitez-Malvido & Kossmann-Ferraz, 1999; Berendse, 1999 ; Xiong & Nillson, 1999; Dzwonko & Gawronski, 2002 a, b) . Naturally occurring patchiness of litter and differing litter depths and structure facilitate the establishment of seedlings of some species while inhibiting others and thus contribute to small-scale heterogeneity of the vegetation and coexistence of species. Although many litter manipulation studies focussing on seedling establishment have addressed the possible role of litter in structuring the forest plant community at the seedling level, few have attempted to quantify changes to plant diversity and aboveground biomass.
(a ) Forest biodiversity.
It is widely accepted that centuries of litter removal in central Europe destabilised forest ecosystems and caused a complete change in forest type and dominant species (Ellenberg, 1988) . In many areas where litter removal was practiced over long periods of time, deciduous forests were felled and replanted with coniferous species that could grow better on the impoverished soils (Ebermayer, 1876 ; Klietsch, 1950; Wittich, 1954 ; Ellenberg, 1988 ; Jandl et al., 2002) . Two long-term studies show a decrease in biodiversity with litter harvesting in China. Diversity in a Eucalyptus plantation was lowest in a stand that had been raked for 34 years; no other tree species had been able to establish in the plantation, and the herb and shrub layer was entirely absent. A stand that had been raked for 28 years showed a slight improvement after six years of recovery, while the stand in which litter harvesting had not taken place was relatively diverse with a fully developed herb and shrub layer . In a different area of China, Brown et al. (1995) suggested that long-term litter raking had arrested natural succession; unraked stands in the area were composed of mixed broadleaf forest, the buffer zone between unraked and raked stands was in the transitional stage of pine-broadleaf forest, while the raked stand was pine forest of low structural complexity.
( b ) Understorey vegetation
Changes to the forest floor vegetation following litter manipulation treatments manifest themselves primarily as changes in species composition. Species composition of the forest floor in the Wiener Wald, Austria, differed between plots after only one year of litter removal and addition treatments (Onno, 1969) and the species composition of a mixed deciduous forest in southern Poland changed significantly after only three years of treatment and by 66 % over a period of 16 years (Dzwonko & Gawronski, 2002 a, b) . Surface-attached species, such as lichens and mosses (Fiedler et al., 1962; Lindholm & Nummelin, 1983) , and resilient grasses (Onno, 1969) have been found more frequently in litter removal treatments, probably because they can better withstand raking treatments. Raking damage also accounts for lower ground cover in raked plots relative to controls despite the more frequent colonisation of raked plots by small-seeded species (Dzwonko & Gawronski, 2002 a, b) .
Litter tends to gather in treefall pits, contributing to lower plant species richness and ground cover than on mounds (Beatty & Sholes, 1988) . The soil in old pits tends to have higher contents of nutrients, soil water, and organic matter (Beatty & Sholes, 1988) . When litter was removed from pits, species number increased and the species composition became more similar to that normally found on mounds. Species composition differed significantly between pits with and without litter after only one year of treatment and this change persisted over the three years of study, although the most profound effects took place in the first year (Beatty & Sholes, 1988) .
Litter manipulation has a much greater effect on species richness than on total above-ground biomass (Dzwonko & Gawronski, 2002 a, b) , a finding that is supported by a metaanalysis of studies of the effects of plant litter on a wide variety of vegetation (Xiong & Nilsson, 1999) . This may be attributed to the facilitated establishment of some species in the absence of litter cover and increased competitive ability with litter cover in others. While the invasion or disappearance of species with litter manipulation changes overall diversity, changes in the degree of cover and therefore in the relative importance of those species already present may be even more important. Several studies have shown shifts in species ranking due to litter manipulation (Onno, 1969; Lindholm & Nummelin, 1983 ; Beatty & Sholes, 1988) . However, in many cases, damage to existing seedlings and forbs by raking and trampling may have had a greater effect on species diversity than the change in the amount of litter itself.
VII. SOIL AND LITTER FAUNA
Litter is important in maintaining populations of animals in the soil. Besides being an important food source (Judas, 1990 ; Poser, 1990 ; David et al., 1991 ; Arpin et al., 1995; Gonzalez & Zou, 1999) , the litter layer helps to maintain a stable and favourable microclimate at the soil surface (Pearse, 1943 ; David et al., 1991; Arpin et al., 1995) and its three-dimensional structure provides habitats (Pearse, 1943 ; David et al., 1991 ; Ponge et al., 1993 ; Arpin et al., 1995) and protection from predators (Pearse, 1943) . Furthermore, organic matter incorporated into the soil makes it more favourable to soil fauna by increasing porosity and therefore aeration (Pearse, 1943) . Although litter quality is often a strong determinant of soil fauna communities (Wardle, 2002) , quantitative changes to the litter layer also affect the population dynamics and community structure of soil animals that in turn affect the breakdown of organic matter and its incorporation into the soil.
(1 ) Microarthropods, macroarthropods, and nematodes
Litter removal generally leads to a decline in populations of micro-and macroarthropods, while litter addition does not always have a clear effect. Reductions in populations of soil fauna with litter removal were often due to factors other than a decrease in substrate, as the relatively small responses to litter addition treatments (Poser, 1990 ; David et al., 1991) suggest that litter is not a limiting food source (David et al., 1991) . Furthermore, litter manipulation treatments provoked changes in the abundance of species that were not directly dependent on fine litter for food ; all trophic groups were affected by litter removal as the availability of food sources such as fungi, bacteria, and the faeces of litterconsuming animals, were also decreased (Ponge et al., 1993) , and decreasing numbers of prey species led to a decline in populations of predators (Uetz, 1979 ; David et al., 1991) . For example, Arpin et al. (1995) showed that the decline in nematode populations in the upper 10 cm of the soil in litter removal treatments over five years was particularly strong in bacteria-feeding species (40 %), fungal-feeding species (20 %), and predators (24%). In a different study, litter removal resulted in a significant decline in the number of individuals and total biomass of saprophagous diplopods and isopods, and this was followed by a decrease in the number of zoophagous chilopods (David et al., 1991) .
Disturbances to the litter layer affect the soil fauna by changing temperature and moisture regimes (David et al., 1991 ; Reynolds, Crossley & Hunter, 2003) ; declines in populations in litter removal plots in spring but increases relative to the controls in autumn may well be a consequence of such changes (Arpin et al., 1995) . Litter manipulation treatments affect soil and litter-dwelling fauna differently in wetter or drier, warmer or colder years and the greatest decreases in soil fauna abundance following litter removal seem to occur in disturbed or unfavourable sites (Jahn, 1981 ). An experiment using artificial (polyester) litter simulated the microclimatological conditions of the litter without its nutritional value (Gill, 1969) . The population densities of four groups of Acari in the surface soil layers (0-9 cm) declined in litter removal plots in an old field, while abundance in plots with artificial polyester litter did not differ from controls ; Collembola had disappeared entirely from the top 4.5 cm of the soil in the litter removal plots, but were still present at low densities in the artificial litter treatments. This study demonstrated that Collembola and Acari are primarily affected by the changes in the microclimate at the soil surface caused by decreased litter inputs (Gill, 1969) . Seasonal differences in spider species abundance in litter removal and addition treatments have been attributed to changes in soil water content, soil temperature, or the effect of litter thickness on prey densities (Uetz, 1979) . In spring, the main season for spider growth and development, prey density was the driving force for spider species richness ; during the driest summer months the presence of moist and shady microhabitats was the most important criterion, while reduced variation in temperature became relatively more important in autumn. The structural complexity of an intact litter layer may play an important role in arthropod densities by providing habitat space (Uetz, 1979 ; Poser, 1990) , while a thin litter layer with decreased structural complexity may be unattractive to many species simply because of the lack of refuges from predators (Gill, 1969; Uetz, 1979) . Periodic burning was found to be less detrimental to soil and litter fauna than litter raking, as patches of ash and charred logs still provided habitat space and some degree of protection (Pearse, 1943) .
Changes in species abundance and species richness with litter removal are often accompanied by shifts in dominance and vertical distribution, as strictly litter-dwelling taxa disappear (Poser, 1990) and others migrate into the upper soil layers (Pearse, 1943 ; Poser, 1990) . Such shifts will have implications for population dynamics as species ranking is changed and niche space becomes more limiting (Poser, 1990) .
Slight increases in soil fauna abundance and diversity have been shown in litter addition treatments (Poser, 1990; David et al., 1991 ; Ponge et al., 1993 ; Arpin et al., 1995) , but they were generally not as pronounced as would be expected given the magnitude of the response to litter removal treatments ; litter addition also caused a decline of populations in some species (Uetz, 1979; Poser, 1990 ). Nevertheless, fungal-feeding nematodes increased in numbers in litter addition treatments (Arpin et al., 1995) and spider species richness has been shown to be strongly correlated with litter depth in both naturally occurring patches of litter and artificially manipulated plots (Uetz, 1979) , probably as a consequence of greater numbers of prey species in high-litter patches. Migration and changes in species ranking also occurred in litter addition treatments as litter-dwelling taxa increased in abundance and importance (Uetz, 1979 ; Poser, 1990) .
(2 ) Earthworms
Earthworms play a major role in many forest soils. By turning over the soil and mixing organic matter with mineral soil (pedoturbation), they are very important in creating and maintaining soil fertility and soil aeration. A welldeveloped earthworm population can bury the annual litterfall of a mature forest in a matter of months (Killham, 1994) , and this breakdown and mixing of organic matter accelerates decomposition. Earthworms can be classified into three major groups according to their habitat preferences ; acecic earthworms, such as Lumbricus terrestris build vertical burrows from the soil surface into the mineral soil layers, but they feed mainly on decaying surface litter, while epigeic worms live in loose soil surface layers and in the litter and feed on organic debris. The third group, the endogeic earthworms, build lateral burrows in the upper layers of the mineral soil and rarely come to the surface. Acecic and epigeic earthworms are strongly dependent on fine litter. Endogeic species are not directly influenced by litter as they feed on older soil organic matter and on mineral soil fragments.
The number of acecic and epigeic earthworms in a given area of soil declines rapidly with litter removal, as fine litter constitutes a major food source for these two groups. Reductions of 40% in the abundance and 43 % in total biomass of epigeic species in litter-raked plots compared to controls has been observed after only one year of treatment ( Judas, 1989 ( Judas, , 1990 ) and decreases of 83 % and 76% were shown over a five-year period (Pearse, 1943) . The number of acecic lumbricids present in litter removal plots declined by at least 50 % in all experiments in which they were studied (Nielsen & Hole, 1964; Judas, 1989 Judas, , 1990 David et al., 1991) . There was a positive relationship between the amount of litter on the soil surface and the number of casts produced by Lumbricus terrestris in a temperate mixed deciduous forest (Nielsen & Hole, 1964) . Litter removal over a period of five years reduced the number of casts by 65 % while doubling the litter supply for the same period of time increased cast abundance by 49%. A third treatment involving the removal of the upper 15 cm of the A horizon and replacing the litter did not influence earthworm activity (Nielsen & Hole, 1964) , indicating that litter is a more important resource for this species than older soil organic matter.
Litter addition treatments seem to have no general effect on acecic or epigeic earthworms ( Judas, 1989 ( Judas, , 1990 David et al., 1991) . Out of four epigeic species studied, one increased in numbers while the populations of another species decreased and two remained unchanged ( Judas, 1989 ( Judas, , 1990 David et al., 1991) . Although cast formation by the acecic species L. terrestris was positively correlated with litter amount (Nielsen & Hole, 1964) , the populations of other acecic species were found to decline strongly with litter addition ( Judas, 1989 ( Judas, , 1990 . This lack of a positive response to increased litter inputs indicates that it is not a limiting resource in most situations. Litter quality is more important than litter quantity (Zou, 1993) and negative effects of litter addition treatments could result from changes in resource quality ( Judas, 1989) . The total biomass of endogeic and acecic earthworms in a subtropical wet forest was positively related to nitrogen and phosphorus concentrations in fine litter and negatively related to concentrations of tannin (Gonzalez & Zou, 1999) . Changes in decomposition and subsequent accumulation of leaf chemicals may make sites with high litter inputs less favourable, and fine litter as a resource less palatable, to earthworms and many other taxa of soil fauna. This would ultimately lead to the steady accumulation of litter observed in high-input treatments (David et al., 1991) .
Litter may also be important in maintaining the moisture and temperature conditions favourable to all three groups of earthworms, as the greatest observed decrease in earthworm abundance in the litter removal plots occurred during a very dry summer, while worms in the controls and litter addition plots remained little affected ( Judas, 1989) . Although endogeic earthworms rarely come to the surface and are not direct consumers of litter, their numbers generally decreased in litter removal plots ( Judas, 1989 ( Judas, , 1990 , which may be a result of greater temperature and moisture fluctuations near the soil surface. Litter manipulation may increasingly affect endogeic species over greater time scales as soil organic matter content changes.
VIII. FUNGI AND MYCORRHIZAE
A change in the quantity of litter on the forest floor can affect fungal growth and diversity by modifying the amount or quality of available substrate for decomposers (Tyler, 1991) , by changing the microclimate at the soil surface (Tyler, 1991; Cullings et al., 2003) , by release of chemical compounds during leaching and decomposition (Baar & Kuyper, 1993 ; Baar et al., 1994 b) , by influencing the number of diaspores present (Cullings et al., 2003) and by supplying nutrients. Considering the importance of many fungi in decomposition processes in forest ecosystems, it follows that changes to the fungal community of the forest will affect the residence time of coarse organic matter, woody debris, and the formation of humus. Few litter manipulation studies have focussed on fungal growth and diversity, although litter removal has been recommended as a management practice to restore ectomycorrhizal diversity in forests suffering from eutrophication through atmospheric nitrogen deposition (Baar & Kuyper, 1998) . As with tree seedlings and herbaceous plants the responses to litter removal or addition are species-specific, but unlike seedlings the individual responses are not consistent and the reasons for them are not always clear.
In a stand of Pinus sylvestris the removal of the forest floor (Oi, Oe, and Oa horizons) increased the diversity and the abundance of fruiting bodies of ectomycorrhizal fungi (Baar & Kuyper, 1993 , 1998 Baar & Ter Braak, 1996) and the rates of mycorrhizal infection of seedlings (Baar & De Vries, 1995) . Experiments with Laccaria bicolor showed that the removal of the organic layers stimulated the formation of fruiting bodies from mycelia present in the soil (Baar, Ozinga & Kuyper, 1994a) . The abundance and diversity of fungal species characteristic of early succession increased most, indicating that the removal of the forest floor returns the soil to an earlier successional stage . Nitrogen depletion with organic matter removal was probably one of the driving factors for increased ectomycorrhizal infection and fruiting-body production (Baar & Ter Braak, 1996) , although doubling the thickness of the forest floor had little effect on fruiting body production (Baar & Kuyper, 1993 , 1998 De Vries et al., 1995; Baar & Ter Braak, 1996) . However, forest floor removal and addition treatments constitute a much greater disturbance than does litter manipulation.
Litter removal also causes substantial changes to the fruiting body production of mycorrhizal species, but whether the response is negative or positive appears to be species-specific. In a beech forest, the number of ectomycorrhizal fruiting bodies of Russula species was 79% higher in raked plots compared to controls after two years of litter removal, while the abundance of another mycorrhizal species was 90% lower in the raked plots (Tyler, 1991) . Decomposer fungi are likely to be at a disadvantage in litter removal treatments because of the lack of substrate ; five out of seven decomposer species had fewer fruiting bodies in the litter removal plots in one study (Tyler, 1991) . Surprisingly, litter addition also had a negative effect on the abundance of four decomposer species, and only one species increased fruiting body production (by 64 %) in litter addition plots (Tyler, 1991) .
The microclimatic conditions determined by the litter layer play a decisive role in fungal fruiting body production ; fungi whose fruiting bodies originate from deeper in the soil, such as Russula species, may not be as strongly affected by unfavourable changes to soil water content and temperature induced by litter manipulation as other species (Tyler, 1991) . The addition of perlite as a litter substitute demonstrated that some mycorrhizal fungi are more sensitive to changes in microclimatic factors, as they showed the same response regardless of whether litter or perlite was added to the plots. Other species were influenced by resource availability or litter leachates, as they were affected only by the presence or absence of litter itself (Cullings et al., 2003) . Although changes in soil water content or soil temperature may cause a negative reaction of some fungi to litter addition treatments, laboratory experiments have shown that high concentrations of leachates from a thick litter layer may also have inhibitory effects on fungal growth (Baar et al., 1994 b) .
Increased ectomycorrhizal abundance or infection with litter addition cannot be explained by the transfer of spores. Even when litter was solarized to kill extant spores, ectomycorrhizal infection in the surface soil layer increased by 10 % and diversity decreased by 31% following litter addition, while perlite application had no effect (Cullings et al., 2003) . Although no effect of litter addition on mycorrhizal colonisation rates was found in a glasshouse study with seedlings of three dipterocarp species, ectomycorrhizal diversity and species evenness was lower in treatments with litter relative to no-litter controls (Brearley et al., 2003) . The main cause of these changes appeared to be a reduction in the colonisation of roots by one of the common ectomycorrhizal species, possibly because of the loss of its competitive ability with the higher soil water content associated with litter cover (Brearley et al., 2003) .
IX. CONCLUSIONS
(1) Litter plays two principal roles in forest ecosystems : firstly, it forms an inherent part of the nutrient cycle of the forest and is a major source of soil organic matter ; secondly, its physical presence on the forest floor acts as protection against microclimatic fluctuations, erosion, and soil compaction. Litter manipulation changes the effectiveness of these two functions simultaneously and a complex web of interactions results (Fig. 3) , which complicates the interpretation of data. Negative effects of litter removal are often exacerbated by positive feedbacks between the variables altered by it ; this can lead to stronger responses than were expected. Moreover, changes to variables other than those measured can weaken or mask responses. Large-scale, long-term experiments are necessary to investigate these interactions. Once a good baseline understanding has been established, the stepwise elimination of confounding factors can help to elucidate results ; artificial litter substitutes, for example, have been used to quantify the relative importance of changes to microclimate and changes to nutrient availability, while irrigation treatments could be used to eliminate differences in water supply.
(2) The same methodological issues exist for litter manipulation experiments as for studies on the forest nutrient cycle. Sampling periods for leaf nutrients, for example, need to be predetermined and adhered to, as nutrient concentrations change through the year (e.g. Bockheim & Leide, 1991) . Changes in nutrient concentrations may also be masked by the choice of method. Resin bags to measure soil nutrient availability, for instance, may detect leaching losses from the soil surface and the humus, fermentation, and litter layers as well as nutrients in the soil (Mo et al., 2003) . Sampling at greater depths may also result in no detectable changes or even an apparent increase in soil nitrogen concentration as it is leached downwards in the soil profile. Tree density between plots or stands should also be taken into account, as it may obscure results of tree growth measurements by increasing or decreasing the importance of competition for available nutrients. Buffers around plots are essential to avoid an ' effect gradient ' towards plot edges, and trenching plots will greatly reduce nutrient and water import via the roots and/or mycorrhizal network, which could otherwise weaken treatment effects.
(3) Despite having to compare litter manipulation studies in different forest types, on different soils, and that used different methodology, this review presents some general findings on the role of fine litter in the nutrient cycle that merit further attention. (i) Nitrogen-rich soils appear to lose a greater relative proportion of nitrogen following litter removal than nitrogen-poor soils. This is in agreement with the theory of nutrient-use efficiency sensu Vitousek (1982) , which states that nutrient-cycling is more efficient in lowfertility sites, and the lower relative loss on nitrogen-poor soils may be a result of low litterfall nutrient inputs. (ii) The concentrations of P, K, Mg, and Ca in the soil and the foliage in litter removal treatments decrease more rapidly than do nitrogen concentrations. The difference in the decrease of nutrients in the soil may simply be a methodological artefact, as short-term studies measured available phosphorus and exchangeable bases but total organic nitrogen, which may respond more slowly to treatments. (iii) Although there is no clear effect of soil nutrient status on leaf nutrient retranslocation when trees at different sites are compared (Aerts, 1996) , the withdrawal of nutrients from the soil may result in greater retranslocation of nutrients over time. Decreased tree growth and greater retranslocation may mask differences in foliar nitrogen concentrations, especially in forests where nitrogen is thought to be the primary limiting nutrient ; it remains to be seen if similar patterns emerge in forests where other nutrients are limiting.
(4) The great majority of litter manipulation studies have been conducted in temperate forests. However, in the light of global climate change and the present discussion on carbon sequestration, there will be ever more demand for information on the effects of changes in primary production in boreal and tropical forests. Tropical forests in particular should receive more attention as many lowland tropical forest soils lack a thick organic horizon and are generally nutrient-poor ; litter may therefore play a relatively more important role in carbon and nutrient cycling in the tropics.
(5) Few data are available on changes in soil respiration, soil carbon content, and carbon fractions with differing litter inputs. However, in the light of rising atmospheric CO 2 levels and increased primary productivity, studies on the role of litter in the forest carbon cycle will be essential in making predictions on carbon sequestration and in calculating future carbon budgets. Although there is a paucity of data from litter addition treatments, results from the few existing studies suggest that increasing litter inputs will lead to an accumulation of organic matter on the forest floor, as artificial increases in litter supply are not accompanied by the corresponding increases in soil fauna, microbial, or fungal populations needed to decompose the additional organic matter. A build-up of partially decomposed litter may initially only affect seedling emergence but in time this would alter the community structure and diversity of the understorey. Greater Oi and Oe horizons could increase the incorporation of dissolved and particulate organic matter into the mineral soil. Increased litter inputs may also cause the 'priming effect ' (sensu Fontaine et al., 2004) , the increased decomposition of older organic matter with increasing fresh organic matter inputs. Litter addition studies also provide an excellent opportunity to assess some of the effects of increasing primary production in forests and therefore improve predictions of the effects of elevated CO 2 levels in forest ecosystems. 
XII. APPENDIX
Summary of litter experiments included in the review, ordered by author. The soil types given were taken from the original publications and do not adhere to a particular classification system. ' ? ' is information not given in the original publication ; In 'Focus', DOM is dissolved organic matter ; in ' Other variables', OM is organic matter, CEC is cation exchange capacity ; in ' Treatments' ; LM is litter manipulation and the exact treatment is given in ' Notes', CT is control, LA is litter addition, LR is litter removal. In 'Treatment duration ' : 'once' refers to a litter treatment carried out at the beginning of the experiment and not repeated for the duration of the study ; ' long-term ' refers to litter removal as a management practice for more than 50 years. Roles of leaf litter in the functioning of forest ecosystems
